Abstract: Interaction between the acidic motif (AM) of protein kinase WNK4 and the Kelch domain of KLHL3 are involved in the pathogenesis of pseudohypoaldosteronism type II, a hereditary form of hypertension. This interaction is disrupted by some disease-causing mutations in either WNK4 or KLHL3, or by angiotensin II-and insulin-induced phosphorylation of KLHL3 at serine 433, which is also a site frequently mutated in patients. However, the mechanism by which this phosphorylation disrupts the interaction is unclear. In this study, we approached this problem using molecular dynamics simulation with structural, dynamical and energetic analyses. Results from independent simulations indicate that when S433 was phosphorylated, the electrostatic potential became more negative in the AM binding site of KLHL3 and therefore was unfavorable for binding with the negatively charged AM. In addition, the intermolecular hydrogen bond network that kept the AM stable in the binding site of KLHL3 was disrupted, and the forces for the hydrophobic interactions between the AM of WNK4 and KLHL3 were also reduced. As a result, the weakened interactions were no longer capable of holding the AM of WNK4 at its binding site in KLHL3. In conclusion, phosphorylation of KLHL3 at S433 disrupts the hydrogen bonds, hydrophobic and electrostatic interactions between the Kelch domain of KLHL3 and the AM of WNK4. This study provides a key molecular understanding of the KLHL3-mediated regulation of WNK4, which is an integrative regulator of electrolyte homeostasis and blood pressure regulation in the kidney.
Introduction
Pseudohypoaldosteronism type II (PHAII), also known as familial hyperkalemic hypertension or Gordon's syndrome, is a hereditary disease characterized by hypertension and hyperkalemia. 1, 2 Mutations in genes encoding With-No-lysine [K] (WNK) kinases WNK1 and WNK4, were first identified in PHAII patients. 3 As protein kinases, WNK1 and WNK4 phosphorylate and activate oxidative stressresponsive kinase 1 (OSR1) and STE20/SPS1-related proline/alanine-rich kinase (SPAK), [4] [5] [6] which in turn, phosphorylate and activate the thiazidesensitive Na 1 
-Cl
2 cotransporter (NCC) and possibly other targets. [7] [8] [9] [10] [11] [12] [13] [14] It has been shown that diseasecausing mutations in WNK4 gene lead to an elevation of the level of kinase protein and/or activity. [15] [16] [17] [18] [19] This in turn augments their effects on ion transport proteins, resulting in increased Na 1 reabsorption and decreased K 1 secretion in the kidney, leading to PHAII. In addition to WNK1 and WNK4, mutations in KLHL3 (kelch like family member 3), and CUL3 (Cullin 3) genes were recently identified in PHAII patients. 20, 21 The newly identified PHAII related proteins are involved in regulating WNK1 and WNK4 protein degradation. KLHL3 and Cullin 3 are components of KLHL3-Cullin 3 ubiquitin E3 ligase complex, and WNK1 and WNK4 are substrates of this ligase complex. As the substrate adaptor of this complex, KLHL3 interacts with WNK1 and WNK4 at the "acidic motif" (AM), a stretch of sequence rich in negatively charged residues glutamate and aspartate. Most PHAII-causing mutations of WNK4 are located in the AM. We previously found that the mutations in AM disrupted the calcium-dependent regulation of WNK4 kinase activity. 16 Recent findings indicate these mutations also disrupt the binding between KLHL3 and WNK4, and therefore, prevent the degradation of WNK4 protein. [17] [18] [19] 22 Structurally, KLHL3 constitutes of three domains: an N-terminal BTB domain, a BACK domain, and a C-terminal Kelch domain that interacts with substrates. Recently, the crystal structure (PDB ID: 4CH9) of KLHL3 Kelch domain in complex with the AM of WNK4 was reported. 23 Similar to the other members of BTB-BACK2Kelch family, [24] [25] [26] the Kelch domain of KLHL3 has a b-
propeller structure which is formed by six Kelch repeats, each composed of four antiparallel bstrands. The AM ( 557 EPEEPEADQ 565 ) of WNK4 is nested in the binding interface spanning all six Kelch repeats. 23 Most PHAII-causing mutations in KLHL3 are located in the Kelch domain, highlighting its significance in the interaction with WNK4. As a key step in WNK kinases degradation, the interaction between KLHL3 and WNK4 likely responds to physiological cues. One of the mechanisms mediating the physiological response is phosphorylation. Serine 433 (S433), a key residue situated in the Kelch domain, was found to be phosphorylated by protein kinase A (cyclic AMPdependent protein kinase), protein kinase B (also known as Akt), and protein kinase C (PKC) isozymes PKC-a and PKC-bI. 27, 28 Phosphorylation of S433 reduces the interaction between KLHL3 and AM, and in turn, prevents WNK4 protein from degradation. 27, 28 This is a physiologically important process, as it can be a part of angiotensin II, insulin, and/or vasopressin signaling on WNK kinases. 27, 28 Mutation at S433 (S433N) was also frequently found in PHAII patients, 20, 21 suggesting S433 is critical in the interaction between KLHL3 and WNK4. However, it is unclear how phosphorylation at S433 affects the interaction between the AM of WNK4 and the Kelch domain in KLHL3. To gain a better understanding of this mechanism, we performed molecular dynamics (MD) simulations using the structure of KLHL3 Kelch domain in complex with the AM.
Results from structural, dynamical and electrostatic analyses of the MD simulations suggest that For clarity, residues of the AM in WNK4 and pS433 of KLHL3 are enlarged (lower right). The pS433 residue is located in the pocket formed by the side chain of P561, main chain of E562 and both main and side chains of A563 in the AM of WNK4. For simplicity, the hydrogen atoms in the side chain of AM are not shown.
phosphorylation at S433 of KLHL3 alter the hydrogen bonds, electrostatic and hydrophobic interactions between KLHL3 and WNK4.
Results and Discussion
To investigate the effect of phosphorylation of S433 in the Kelch domain of KLHL3 on its interaction with the AM of WNK4, two systems were set up based on the crystal structure of the Kelch domain of KLHL3 in complex with the AM of WNK4 (PDB ID 4CH9): one with unphosphorylated S433 (S433) and the other with phosphorylated S433 (pS433). In the initial structure of system with phosphorylated S433, the phosphate group of pS433 was located in the pocket formed by P561, E562, and A563 in the AM of WNK4 (Fig. 1) . For each system, three independent 100 ns MD simulations were performed and the results are denoted as S433-1 to S433-3 and pS433-1 to pS433-3, respectively.
The equilibration of the simulations was verified by calculating the values of RMSD and Rg of the Kelch domain of KLHL3 (residues 300-585) and the AM of WNK4 (residues 557-565) prior to data analysis. The time-dependent changes of RMSD and Rg relative to the initial structure are presented in Figure 2 . In both S433 and pS433 systems, the RMSD and Rg values for Kelch domain were stable (RMSD 5 1.03 6 0.11 Å ; Rg 5 17.13 6 0.06 Å ), implying the tertiary structure of the Kelch domain in KLHL3 did not vary significantly during the simulations. On the other hand, the RMSD and Rg values for the AM of WNK4 were low in the S433 systems whereas they were much higher in the pS433 systems. The RMSD and Rg curves indicated that the simulations reached equilibration before 60 ns, therefore, data from the last 40 ns (from 60 to 100 ns) simulation trajectories were used for following analyses. The high free energy areas (deep red) were seldom explored whereas the low free energy areas (deep blue) were frequently explored by AM. In S433 systems, there were two major populations of conformations characterized by RMSD $ 0.7 Å /Rg $ 5.3 Å and RMSD $ 1.8 Å /Rg $ 5.8 Å . In pS433 systems, the position of the major population shifted to RMSD $ 3.2 Å /Rg $ 4.9 Å and RMSD $ 3.2 Å /Rg $ 6.9 Å . In addition, compared to S433 systems, the area explored by AM was broader in the pS433 systems, indicating that the AM in pS433 systems had more deviated structures and explored more conformations than that in S433 systems.
Phosphorylation of S433 changes the electrostatic potential for the WNK4 binding site on the Kelch domain of KLHL3
The AM of WNK4 (   557   EPEEPEADQ   565 ), which is rich in glutamate/aspartate (E/D) residues, carries negative charges. To accommodate this motif, the surface electrostatic potential of the AM binding site on KLHL3 is expected to be positive. To test this proposition, the electrostatic potential maps for the initial structures of S433 and pS433 were calculated (Fig. 3) . As expected, the electrostatic potential in the AM binding site of S433 was positive in order to attract the negatively charged WNK4 AM. Specially, the electrostatic potential for residue S433 in the initial S433 system was favorable for AM binding. As the phosphate group of residue pS433 brought two negative charges to the Kelch domain, the electrostatic potential shifted towards negative in the AM binding site on Kelch domain (Fig. 3 ). This resultant negative potential may not favor the binding of the negatively charged AM of WNK4. The alteration in the electrostatic potential of the Kelch domain by the phosphorylation of S433 was not only observed in the initial structures but also in the equilibrated structures. The representative equilibrated structures of S433 and pS433 systems, each from three independent simulations, were extracted using the clustering analysis. In each of the simulations, the electrostatic potential was more negative in the AM binding region of the Kelch domain for pS433 than that for S433 (Supporting Information  Fig. S2 ). This further confirmed that the electrostatic potential in the Kelch domain became more negative upon phosphorylation of the S433 residue.
Phosphorylation of S433 disrupts the interaction network formed between the Kelch domain and the acidic motif
In the crystal structure of KLHL3 Kelch domain in complex with the AM (PDB ID: 4CH9), R339, R360 and R528 of KLHL3 form hydrogen bonds (H-bonds) with E559, E557 and D564, respectively, in the AM of WNK4. 23 Together with S432 of KLHL3, S433
forms an H-bond with A563 of WNK4 through a water molecule. S432 also forms an H-bond with E562 of WNK4. By assessing the interaction energy for each residues in the KLHL3 Kelch domain [ Fig.  4 (A), left panels], it is clear that the R339, R360, and R528 are among the residues with lowest interaction energies. Negative interaction energy indicates the residue favors interaction, thus R339, R360, and R528 are important in the interaction with the AM. Upon phosphorylation, the interaction energy for S433 was raised from 20.07 to 4.23 kcal/mol [ Fig. 4(B) ]. Thus, the phosphorylation of S433 is unfavorable for interaction with the AM of WNK4. This was accompanied by the raised interaction energies for residues participating in H-bond formation [ Fig. 4(A,C) ]. The raised interaction energy, together with a more negative surface electrostatic potential as a result of phosphorylation of S433, The sum of interaction energy for R339, R360, and R528 decreased significantly upon phosphorylation at S433. For (B and C), three simulations (labeled as 1, 2, and 3) were performed in the presence and in the absence of phosphorylation at S433, respectively. * indicates that the difference is statistically significant based on the mean and standard deviation of the analyzed variable (Student's t test, P < 0.05).
ultimately resulted in the disruption of the H-bond network between the Kelch domain and the AM. A visual comparison of the H-bond network between the Kelch domain-AM systems in the presence and in the absence of the S433 phosphorylation is shown in Figure 5 . In the three simulations with unphosphorylated S433, the AM peptide was fairly stable and no much difference in H-bond network was observed among the simulations. One exception was that in two simulations (S433-2 and S433-3), S432 formed H-bond with E562 in the AM; in one simulation (S433-1), it formed H-bond with the main chain of A563 in the AM through a water molecule (WAT) in the system [ Fig. 5(A), left panel] .
In contrast, when S433 was phosphorylated, pS433 formed an intramolecular H-bond with R339 of Kelch domain in all three pS433 simulations [ Fig.  5(A), right panels] . This disrupted the formation of intermolecular H-bond between R339 of Kelch domain and E559 of AM. Possibly, this was the initial event that disrupted the formation of other intermolecular H-bonds, including R360-E557 and R528-D564, as observed in the unphosphorylated S433 simulations [ Fig. 5(A) ]. As a result, fewer intermolecular H-bonds were observed when S433 was phosphorylated. In the first simulation [ Fig.  5(A), pS433-1] , only R339 of Kelch domain formed an H-bond with D564 of AM; in the second simulation [ Fig. 5(A), pS433-2] , only R528 of Kelch domain formed an H-bond with E560 of AM; and in the third simulation [ Fig. 5(A,) pS433-3] , only R360 of Kelch domain formed H-bond with E557 and E562 of AM. To provide an estimate of the change in H-bonds between Kelch domain and AM induced by the phosphorylation of S433, the time-dependent formation of intermolecular H-bonds among the three key residues of Kelch domain and AM were calculated (Supporting Information Fig. S3 ). The numbers of intermolecular hydrogen bonds, averaged from the equilibrated 40 ns of simulations, were significantly lower in the pS433 simulations than those in the S433 simulations [ Fig. 5(B) ], indicating the phosphorylation of S433 resulted in the disruption of the key H-bond network between KLHL3 and WNK4.
In addition to the H-bonds, residues F355, F402, G404, Y449, G451, and H498 in the Kelch domain exhibit hydrophobic interactions with AM of WNK4. 23 The sum of interaction energy of F355, F402, Y449, and H498 exhibited a significant decrease upon the phosphorylation of S433 as well (Supporting Information Fig. S4 ), this likely lead to a reduction in the hydrophobic interactions between the Kelch domain and the AM.
The acidic motif moves away from the Kelch domain upon the phosphorylation of Ser433
The RMSD and Rg values of AM shown in Figure 2 indicate that the AM of WNK4 undergo robust conformational changes upon phosphorylation at S433. To further assess to what extent it stays around the initial binding position, the distance between the center of mass (COM) of Kelch domain and that of AM was calculated for both S433 and pS433 systems (Fig. 6, Supporting Information Fig. S5 ). The snapshots of one of the three simulations with systems containing phosphorylated S433 (pS433-1) at 10, 40, and 100 ns were represented in Figure 6 (B). For comparison, the corresponding snapshots of one simulation in the system with unphosphorylated S433 (S433-1) were also shown in Figure 6 (A). Compared to the relative stable distance between the AM and the Kelch domain with unphosphorylated S433, that with pS433 varied significantly, indicating that the AM shifted away from its initial binding site on the Kelch domain during the course of simulation. Similar results were observed in the other two pairs of simulations as well (Supporting Information Fig. S5 ). To give another view of the positions of the AM relative to the Kelch domain during simulations, three representative structures for the Kelch domain-AM complex were extracted by clustering analysis [ Fig. 6(C) ]. The position of AM was fairly stable when S433 was unphosphorylated during the course of simulation whereas it changed significantly when S433 was phosphorylated, indicating it no longer bound to the Kelch domain. Phosphorylation of S433 adds a phosphate group to the residue. The phosphate group not only introduces two negative charges to S433, but also increases the size of its side chain. Thus, the unstable interaction between the AM and the Kelch domain containing pS433 during MD simulations could be due to either an electrostatic effect or a steric effect or both. To examine whether the unstable binding between the Kelch domain and AM is caused by the steric effect of the large side chain of pS433, the electroneutral protonated pS433 was modeled in the structure of the Kelch domain and the MD simulation was carried out. The results were compared with those with phosphorylated and unphosphorylated S433 (Supporting Information  Fig. S6 ). The simulation snapshots at 100 ns show that similar to the situation with unphosphorylated S433 [Supporting Information Fig. S6(A) ], the nearby residues P561 and A563 of the AM did not move significantly in the presence of electroneutral protonated pS433 [Supporting Information Fig. S6(C) ], whereas they drifted away in the presence of negative charged pS433 [Supporting Information Fig.  S6(B) ]. In addition, the distance between the Kelch domain and AM was stable during the simulation in the presence of electroneutral protonated pS433, similar to that in the presence of unphosphorylated S433. Thus, the large phosphate group of the protonated pS433 did not result in unstable interaction between the Kelch domain and the AM. These data indicate that it is the negative charge rather than the size of the side chain of pS433 leads to the unstable binding between the Kelch domain and the AM of WNK4.
Conclusion and Outlook
The results of this study provide a theoretical explanation why the phosphorylation modification at S433 of the Kelch domain disrupts the interaction between KLHL3 and WNK4. The phosphorylation of S433 in the center of the Kelch domain did not induce drastic conformational or dynamical changes in the Kelch domain. However, this modification results in two alterations that ultimately disrupted the interaction between the Kelch domain and the AM of WNK4. Firstly, the two negative charges of pS433 increased the negative surface electrostatic potential that is unfavorable for the Kelch domain to interact with the negatively charged AM of WNK4. Secondly, phosphorylation of S433 resulted in the formation of an intramolecular H-bond between pS433 and R339 in the Kelch domain, which ultimately lead to the disruption of the intermolecular H-bond network between the Kelch domain and the AM. The disrupted H-bonds and the reduced hydrophobic forces for interactions were unable to hold the AM to the Kelch domain. This could explain the experimental results that phosphomimetic mutation at S433 results in the reduction of interaction between KLHL3 and WNK4 and in turn, a decrease in WNK degradation. 27 The MD simulation results of this study are consistent with the experimental observations, 27, 28 indicating that MD simulation approach may be utilized to understand the mechanism by which the individual disease-causing mutations in the Kelch lead to dysregulation of WNK4 that result in disease.
The results of our study do not identify which of the two major alterations cause by S433 phosphorylation is more important in disrupting the interaction between KLHL3 and WNK4. It is likely the phosphorylation at S433 only occur when KLHL3 is not occupied by WNK4, as WNK4 may block the accessibility of protein kinases to S433. In reality, phosphorylation of S433 will not disrupt the existing H-bonds between KLHL3 and WNK4; rather these H-bonds may not form in the first place. A possible scenario is that after phosphorylation of KLHL3 at S433, the negative electrostatic potential at the Kelch domain surface will repel the negatively charged AM of WNK4. Even though interaction may occur randomly, stable hydrogen bonds could not form between the Kelch domain and the AM. Thus, when S433 is phosphorylated, KLHL3 may not be able to hold WNK4 in place for ubiquitination.
The significance of S433 residue in KLHL3 has been confirmed that S433N mutation associates with PHAII. 19, 23 The position of S433 in the center of Kelch domain surface makes it a perfect target for phosphorylation regulation. This position is accessible to protein kinases, and it has been shown that S433 can be phosphorylated by protein kinase A, B and C. 27, 28 This makes S433 a suitable mediator of the effects of angiotensin II and insulin, as indicated recently. 27, 28 The phosphorylation of S433 will lead to the reduction of interaction between KLHL3 and WNK4, and in turn an increase of the level of WNK4 protein, thus will sustain or increase the effects of WNK4 on ion transport proteins and ultimately lead to retention of both Na 1 and K 1 .
Materials and Methods

System modeling
The structure of KLHL3 Kelch domain in complex with the acidic motif (AM) of WNK4 was obtained from the Protein Data Bank (PDB) with the PDB ID of 4CH9. The main chain of phosphorylated S433 (pS433) is modeled using the structure of S433 in the crystal structure, and the phosphate group atoms of pS433 were formed automatically using the LEAP module of AMBER12. 29 In the modeled structure, the phosphate group of pS433 is located in the pocket formed by P561, E562, and A563 of WNK4 (Fig. 1) . The two systems without and with the phosphorylation of KLHL3 at S433 are denoted as S433 and pS433, respectively. In the initial model of pS433, residues P561 and A563 of the AM of WNK4 are close to the side chain of pS433 in the Kelch domain. To examine whether a steric effect between the increased side chain of pS433 and the two residues causes the unstable interaction between the Kelch domain and the AM of WNK4, electroneutral protonated pS433 were also modeled. Each system was placed in a box filled with 11,570 transferable intermolecular potential 3P (TIP3P) water molecules. 30 All the crystallographic waters were kept in the systems. The size of the water sphere was chosen so that the distance between every atom in the protein and the boundary of the water was at least 10 Å . Na 1 and Cl -ions were added to the system to neutralize it and maintain a 150 mM NaCl concentration. The Amber ff99SB force field 31 was applied to all the residues and ions including Na 1 and Cl -ions. The force field parameter for pS433 (with a 22 charge) 32 was obtained from the AMBER parameter database.
Molecular dynamics simulations
To investigate the effect of phosphorylation of KLHL3 at S433 on the interaction between KLHL3 and WNK4, three independent 100 ns molecular dynamic (MD) simulations were performed for the two systems S433 and pS433, respectively, using the AMBER12 simulation package. 29 Before production simulations, the two systems were further refined. Each system was relaxed by 2000 steps of steepest descent followed by 2000 steps of conjugate gradient minimization. After energy minimization of the whole system, the water molecules were equilibrated for 20 ps, while the protein and ions were restrained at a constant number-pressure-temperature (NpT) at 50 K and 1 atm by applying a force constant of 100 kcal mol 21 Å
21
. Then the system was gradually heated to 300 K via six 100 ps constant number-volume2temperature (NVT) MD simulations, still maintaining the restraint on the proteins. The restraints were gradually reduced to zero in the subsequent 200 ps equilibration simulation at NpT of 300 K and 1 atm. Lastly, 100 ns production simulations were carried out using Berendsen temperature and pressure coupling 33 without any restraint. The SHAKE constraints 34 were applied to all hydrogen heavy bonds to permit a dynamics time step of 2 fs. Electrostatic interactions were calculated by the particle-mesh Ewald method (PME) 35, 36 with grid spacing of 0.12 nm and interpolation of order four. Both of the direct space PME and Lennard-Jones cutoffs were set at 10 Å . The data for the MD simulations were collected every 2 ps. The simulations were performed on the AMD Opterons cluster in the Alabama Supercomputer Center.
Structural and dynamical analysis and electrostatic potential calculation
With the equilibrated MD simulation trajectories, we performed secondary structural analysis, dynamical fluctuation analysis and electrostatic potential calculation to better understand the change of KLHL3 caused by the phosphorylation of S433. Root mean square deviation (RMSD) and radius of gyration (Rg) of protein backbone carbon (Ca) atoms were analyzed to check the system's equilibration tendencies and the structural change of KLHL3 and WNK4. To characterize the conformational change of WNK4 AM, the free energy landscape DG respect to RMSD and Rg was calculated using the following equation:
where k B is the Boltzmann constant, and P(RMSD, Rg) is the probability distribution obtained from the MD data at temperature T.
We calculated the b strand occupancy for KLHL3 to evaluate secondary structural changes caused by the phosphorylation. The DSSP method was used to determine whether an amino acid residue belonged to an b strand. 37 The occupancy of each residue in a b strand was determined on the basis of the percentage of time that the residue existed in the b strand over the simulation. The occupancy percentage for each system was calculated via dividing the sum of total occupancy percentage of each residue by the total residue number. Clustering analysis using the MMTSB toolset 38 was performed to get the representative structure for the systems. The K-means algorithm 39 based on the RMSD similarity of the structures was used in the clustering analysis. A centroid structure was generated by averaging the PDB structures of KLHL3. The structure that had the lowest RMSD from the centroid structure was obtained as the representative structure. To study the conformational fluctuation for each residue, root-mean-square fluctuations (RMSF) for the backbone carbon (Ca) atoms of KLHL3 were calculated on a residue-by-residue basis and averaged over the equilibrated simulations. All these analyses were performed using the equilibrated simulation trajectories by the ptraj program of AMBER. The electrostatic potential for KLHL3 was calculated by APBS. 40 To calculate the electrostatic potential, dielectric constants of 1 and 78.54 were used separately for the protein and solvent, respectively. Similar to our previous studies, 41, 42 an ion concentration of 150 mM was used in the APBS calculation. The electrostatic potential was mapped onto the molecular surface of KLHL3 using VMD. 43 
Interaction energy contribution calculations
To investigate which residue in KLHL3 plays a key role in binding the AM of WNK4, the contribution of each KLHL3 residue to the interaction energy were calculated using the molecular mechanics/generalized Born surface area (MM/GBSA) approach. 44 The MM/GBSA energy consists of molecular mechanics energy (including the internal energy, the electrostatic energy and the van der Waals energy) and solvation free energy (including a polar part and a nonpolar part). The molecular mechanics energy was calculated by summing the contributions of internal energy (including bond, angle, and torsional angle energies), electrostatic energy, and van der Waals energy from the gas-phase energies of MD simulation. The polar solvation free energy was computed with the GB OBC model. 45 A dielectric constant of 80 was used for the solvent, and that of 1 was used for the solute. The nonpolar solvation free energy was estimated by a solvent accessible surface area (SASA)-dependent term using ICOSA method. The MM/GBSA energy was then decomposed based on the contributions per residue. All counterions and water molecules were stripped during the calculation. For the equilibrated MD simulation trajectories, frames at an interval of 20 ps were used for the calculation of all of the components of MM/GBSA energy.
Statistical methods
To investigate the change of hydrogen bond between KLHL3 and the AM of WNK4 caused by the phosphorylation, the average values and the standard deviations for hydrogen bond number were calculated. Because the adjacent snapshots from the MD trajectory have the tendency to be correlated with each other, the autocorrelation time 46, 47 for the studied variables were obtained to resample the trajectories into statistically independent periods in order to calculate the standard deviations for the studied variables. With the obtained decorrelation times, bootstrap analysis was performed following steps similar to Chen and Pappu 48 and our previous study. 49, 50 Significant differences in the mean and standard deviations for the studied variables were determined using the Student's t test 51 with 95%
confidence.
Supporting Information
This provides a detailed description of secondary structural and RMSF analysis for KLHL3 (Supporting Information Fig. S1 ), electrostatic potential of KLHL3 for the equilibrated simulations (Supporting Information Fig. S2 ), time-dependent hydrogen bonds formed between the key residues of KLHL3 and the acidic motif of WNK4 (Supporting Information Fig. S3 ), comparison of the interaction energy for residues of KLHL3 involved in hydrophobic interactions between Kelch domain and acidic motif of WNK4 (Supporting Information Fig. S4 ), and distance between the acidic motif and the Kelch domain (Supporting Information Fig. S5 ) as well as a comparison between the distances in the presence of pS433 and protonated pS433 (Supporting Information Fig. S6 ). 
